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Magnitude-frequency analysisLong-term eruptive activity at the Santiaguito lava dome complex, Guatemala, is characterised by the regular oc-
currence of small-to-moderate size explosions from the active Caliente dome. Between November 2014 and De-
cember 2018,we deployed a seismo-acoustic network at the volcano,which recorded several changes in the style
of eruption, including a period of elevated explosive activity in 2016. Here, we use a new catalogue of explosions
to characterise changes in the eruptive regime during the study period. We identify four different phases of ac-
tivity based on changes in the frequency andmagnitude of explosions. At the two ends of the spectrum of repose
timeswe find pairs of explosions with near-identical seismic and acousticwaveforms, recordedwithin 1–10min
of one another, and larger explosions with recurrence times on the order of days to weeks. The magnitude-
frequency relationship for explosions at Santiaguito is well described by a power-law; we show that changes
in b-value between eruptive regimes reflect temporal and spatial changes in rupture mechanisms, likely con-
trolled by variable magma properties. We also demonstrate that the distribution of inter-explosion repose
times between and within phases is well represented by a Poissonian process. The Poissonian distribution de-
scribing repose times changes between and within phases as the source dynamics evolve. We find that changes
in source properties restrict the extrapolation of explosive behaviour to within a given eruptive phase, limiting
the potential for long-term assessments of anticipated eruptive behaviour at Santiaguito.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
The Santiaguito lava dome complex, situated in the Western High-
lands of Guatemala, has been continually active since 1922 (Harris
et al., 2003). The complex consists of four domes, Caliente, La Mitad, El
Monje and El Brujo, which formed along an East-West trending fracture
at the southern foot of the collapse amphitheatre formed by the 1902
plinian eruption of Santa Maria Volcano (Rose, 1972). Since 1975 activ-
ity at Santiaguito has been centred at Caliente, mostly characterised by
effusion of blocky lava flows and small-to-moderate gas-rich explosions
(Harris et al., 2003). The Instituto Nacional de Sismologia, Vulcanologia,
Meteorologia e Hidrologia (INSIVUMEH), responsible for monitoring
the activity at Santiaguito, issues regular activity reports including infor-
mation on the rates of occurrence of explosions and the height of the as-
sociated plumes. During ‘normal’ eruptive behaviour, as revealed by
decades of monitoring, explosion plumes have been observed to reach
heights between 0.5 and 1 km above the active vent (e.g. Global. This is an open access article underVolcanism Program, 1980; Global Volcanism Program, 1985; Global
Volcanism Program, 1990; Global Volcanism Program, 1996; Global
Volcanism Program, 2003; Bluth and Rose, 2004; Global Volcanism
Program, 2007; Sahetapy-Engel et al., 2008; Johnson et al., 2014;
Global Volcanism Program, 2015; Fig. 1). The volume fractions of ash
during the brief (seconds-long) initial momentum-driven phase of
plume ejection at Santiaguito has been calculated at ϕ =
2.3–4.5·10−5 (when ρash = 2650 kg/m3), with the remaining fraction
of the plume, gas (De Angelis et al., 2016). In contrast, during the period
of heightened activity in 2016, the majority of plumes rose approxi-
mately 1.5 km above the active vent, whilst some exceptional explo-
sions generated plumes reaching up to 7 km (e.g. Global Volcanism
Program, 2016a; Global Volcanism Program, 2016b; Fig. 1A). ‘Normal’
gas-and-ash explosions have been documented to occur at intervals
with repose times varying from periods as low as ~30 min (e.g. Rose,
1987; Scharff et al., 2014; Lavallée et al., 2015) to several hours (e.g.
Global VolcanismProgram, 2017a), with the period of heightened activ-
ity displayed more erratic recurrence patterns (e.g., Lamb et al., 2019;
Wallace et al., 2020). We analyse this characteristic across the eruptive
phase transitions herein.the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Images of activity at Santiaguito over the four-year recording period. A) Explosion in August 2016, characteristic of the large explosions during this time. B) Explosion in January
2018, characteristic of the small-to-moderate explosions in the effusive regime. C) Lava dome in the vent of Caliente in November 2014. D) Excavated vent of Caliente in June 2016.
E) New lava dome growing in the vent of Caliente in December 2016. F) Lava flows on the South East flank of the Caliente dome. G) Large bomb ejected from Caliente during a large
explosion in 2016, located 1.5 km from the vent. Image Awas provided by INSIVUMEH. Images C, D and E are adapted from Lamb et al. (2019). Image G is provided courtesy of A. Pineda.
2 W. Carter et al. / Journal of Volcanology and Geothermal Research 398 (2020) 106891Due to its protracted eruption, which has lasted for nearly 100 years,
and the unique vantage point offered by the summit of Santa Maria
overlooking the active caliente vent, the explosions at Santiaguito
have been the focus of many multi-disciplinary investigations. Previous
studies have included the use of optical imagery, thermographic cam-
eras (e.g. Sahetapy-Engel et al., 2004; Johnson et al., 2004; Sahetapy-
Engel et al., 2008; De Angelis et al., 2016; Lamb et al., 2019), tiltmeter
(e.g. Johnson et al., 2004; Johnson et al., 2014; Lavallée et al., 2015),
infrasound (e.g. Sahetapy-Engel et al., 2008; Jones and Johnson, 2011;
Scharff et al., 2014; De Angelis et al., 2016; Lamb et al., 2019), seismic
(e.g. Johnson et al., 2004; Sahetapy-Engel et al., 2008; Sanderson et al.,
2010; Johnson et al., 2014; Scharff et al., 2014; Lavallée et al., 2015;
Lamb et al., 2019; Hornby et al., 2019), doppler radar (Scharff et al.,
2014) and UV imaging (e.g. Holland et al., 2011; Esse et al., 2018).
Bluth and Rose (2004) proposed that the primary mechanism of the
small-to-moderate gas-and-ash explosions at Caliente is shear-
induced fragmentation of dacitic magma near the margins of the con-
duit. This shearing is induced by the increased flow velocity broughton by closed system degassing as the ascending magma undergoes de-
compression, causing the magma viscosity to increase and prompting
brittle deformation at the high strain rate experienced in the shallow
conduit (Holland et al., 2011). The shearing events are thought to gen-
erate many small connected cracks (Rhodes et al., 2018), which are
held open during release of the gas-and-ash mixture (cf. Kendrick
et al., 2016). After the explosion the fracture pathways shut and begin
to heal, resetting the system, leading to the cyclic nature of the explosive
activity observed at Santiaguito (Holland et al., 2011). This mechanism
is supported by the observations that 1) volcanic ash and gas are re-
leased along active fractures which can be seen on the dome surface
at the onset of the explosions, 2) volcanic ash associated with these
small explosions shows textural disequilibrium resulting from rapid
frictional heating (i.e., unhomogenised melt schlieren containing fresh
vesicles) associated with faulting events, and 3) more pronounced tilt
signals and very long period (VLP) seismicity occur as a result of in-
creased shear traction when ash is generated (Lavallée et al., 2015).
The explosion source has been constrained to depths between 100
3W. Carter et al. / Journal of Volcanology and Geothermal Research 398 (2020) 106891and 620m below the vent through the comparison of acoustic and seis-
mic signal onsets (Sahetapy-Engel et al., 2008), between depths of 100
and 600 m though the analysis of rock samples taken from the lava
flow units (Scott et al., 2012), and at about 300 m depth below the
vent via Mogi source modelling of VLP signals (Johnson et al., 2014).
Yet, these models proposed for the small-to-moderate gas-and-ash ex-
plosions do not apply to the large explosions during the period of
heightened activity of 2016, which were sufficiently powerful to exca-
vate the lava dome (Lamb et al., 2019).
Protracted volcano monitoring provides us with datasets, which
may be scrutinised to understand eruptive behaviour with the aim to
findways to predict recurrence in activity (e.g., Papale, 2018). Themon-
itored datasets of open-vent volcanic systems are different to those of
volcanoes ending a period of quiescence, where unrest can indicate an
impending eruption. For open-vent systems such as Santiaguito,
where activity has persisted for nearly 100 years, changes in the erup-
tion style may be signalled in a more subtle way (Sparks, 2003). There-
fore, understanding the day-to-day ‘baseline’ behaviour and associated
trends and statistical attributes of geophysical signals during different
phases of eruption is crucial in efforts to provide accurate forecasting
of paroxysmal activity, which pose great hazards to the surrounding
areas. In systems that produce many self-similar events which display
a range ofmagnitudes,magnitude-frequency analysis can be used to de-
termine the relationship between small and large events via the so-
called seismic b-value. Magnitude-frequency analysis, most commonly
used in seismic studies (e.g. Schorlemmer et al., 2005; Chen et al.,
2006; Tsukakoshi and Shimazaki, 2008; Farrell et al., 2009; El-Isa and
Eaton, 2014; Huang and Beroza, 2015), often refers to the Gutenberg-
Richter (GR) relationship (Gutenberg and Richter, 1944) and
Ishimoto–Iida's formula (Ishimoto and Iida, 1939), but has also been ap-
plied to explosive volcanic eruptions (e.g. Deligne et al., 2010;
Nishimura et al., 2016; Sheldrake and Caricchi, 2017; Rougier et al.,
2018). These studies have characterised themagnitude-frequency rela-
tionships for global volcanism as well as for individual volcanoes, and
have shown how these distributions carry information on the explosion
sources and eruption style. Repose time analysis has also become an im-
portant tool at open-vent systems (e.g. Connor et al., 2003; Watt et al.,
2007; Lamb et al., 2014; Varley et al., 2018) in establishing relationships
between source processes. Changes in the repose time between explo-
sionshave been used as an indicator of changeswithin volcanic systems,
and differences in repose times between events has been used to show
differences in the physics controlling eruptive processes (Varley et al.,
2018).
Between November 2014 and December 2018, the University of Liv-
erpool (UK) and the Karlsruhe Institute of Technology (Germany) de-
ployed a permanent seismo-acoustic network around Santiaguito to
continuously record the activity of the volcano. During this period mul-
tiple phases of activity were observed including effusive behaviour in-
terspersed with small-to-moderate explosions, characteristic of the
normal baseline behaviour as defined by Harris et al. (2003), and a pe-
riod of heightened activity defined by large gas rich explosions during
2016 (Lamb et al., 2019; Wallace et al., 2020). In the initial 12 months
following our installation at Santiaguito, activity consisted primarily of
the extrusion of blocky lava flow from the summit of Caliente along
with regular explosions emitting weak gas-and-ash plumes between
0.5 and 1.5 km above the vent (Global Volcanism Program, 2016b;
Lamb et al., 2019;Wallace et al., 2020). During late 2015 and 2016 how-
ever, the activity was observed to shift in style and magnitude, as we
noted a gradual decline in thenumber of explosions from its peak occur-
rence rate in early 2015, with explosions producing larger plumes
(Lamb et al., 2019; Wallace et al., 2020). The explosions occurred with
greater repose times, with large explosions occurring at a rate of less
than once per day, and weak to moderate explosions occurring up to 4
times per day (Global Volcanism Program, 2017a). The large explosions
generated larger proportions of pyroclasts as plumes rose up to 7 km
above the vent (Fig. 1A). The largest explosions, which occurred inApril–June 2016, excavated a large crater in the caliente dome structure
(Fig. 1D; Global Volcanism Program, 2016a). During this period of
heightened explosive activity, there was no extrusion of lava flows
(Global Volcanism Program, 2016a). The explosions instead triggered
pyroclastic density currents from column collapse and ejected large
bombs up to 3 m in diameter to distances of 3 km (Fig. 1G; Global
Volcanism Program, 2016a). During October 2016 the explosive regime
came to an abrupt end, and the effusive regime resumed, accompanied
with frequent smaller explosions at a rate of 25–35 per day (Global
Volcanism Program, 2017a), similar to pre-2014 activity (Rose, 1987;
Johnson et al., 2014). A lava dome emerged in the vent of Caliente in Oc-
tober 2016 (Fig. 1E; Global Volcanism Program, 2017a). During 2017
new lava continued to fill the excavated crater inside Caliente, leading
to over-spill that caused block-and-ash flows (Global Volcanism
Program, 2017b). Similarly to 2014/15, gas-and-ash plumes rose to
heights of up to 800 m above the active vent, at a rate between 9 and
36 times per day (Global Volcanism Program, 2017b). By the end of
2017 the lava dome had appeared to be fully re-established its original
(pre 2016) shape and INSIVUMEH reported that there was little change
in activity between November 2017 and April 2018 with plumes rising
approximately 500 m above the vent of Caliente (Global Volcanism
Program, 2018a). During this time, between 15 and 21 explosions
were commonly recorded per day. This level of activity decreased
slightly until the end of the year, with explosions occurring between
11 and 15 times per day, producing plume heights of 500–800 m
above the vent (Global Volcanism Program, 2018b).
Early work conducted on the data collected by the seismo-acoustic
network can be found in De Angelis et al. (2016), Lamb et al. (2019),
Hornby et al. (2019), and Wallace et al. (2020). Lamb et al. (2019)
analysed the seismic activity complemented by visual and thermal in-
frared observations to produce an early catalogue of 6101 explosions
between 2014 and 2017. They presented a description of the types of
volcanic processes and associated signals, and characterised the cumu-
lative seismic energywhich highlighted the increase in explosivity asso-
ciated with the period of heightened activity recorded in 2016. A more
recent study byWallace et al. (2020) went further by constraining seis-
mic energy, variable time delays between seismic and acoustic arrivals,
thermal evolution and petrological changes associated with the in-
creased explosivity. Characterisation of ash samples and ballistic
bombs collected between 2014 and 2017 showed that changes in the
chemical composition, mineralogy and groundmass texture throughout
different eruptive phases occurred due to the fresh injection of a deep-
sourced, volatile-rich magma into the shallowmagmatic mush leftover
fromprotracted activity in the last decades, causingmingling and inten-
sification of the explosive activity in 2016 (Wallace et al., 2020).
We have aimed to refine the identification of explosive eventswhich
led to the generation of a catalogue of explosions with improved com-
pleteness with respect to that used in Lamb et al. (2019). Algorithms
used in the catalogue production constrained the occurrence of 18,895
explosions for the period between November 2014 and December
2018 (see Section 2.3). This dataset provides new insights into the vol-
canic and magmatic processes leading to shifts in eruptive style at
Santiaguito. In this study we assess the seismic energy associated with
individual explosions -a proxy for magnitude- and their variable occur-
rence rates; we exploit these measurements to investigate the
magnitude-frequency relationship of explosions across different phases
of eruptive behaviour with the aim of constraining four years of activity
at Santiaguito.
2. Dataset and analyses
2.1. Data acquisition
Between November 2014 and December 2018, we deployed and
maintained a network of seismic and infrasound stations at the
Santiaguito lava dome complex. The seismic network consisted of six
4 W. Carter et al. / Journal of Volcanology and Geothermal Research 398 (2020) 106891Nanometrics Trillium T120 compact broadband seismometers (T =
120 s) and six Lennartz 3DLite short-period seismometers (T = 1 s).
All instruments recorded with a sampling frequency of 100 Hz at a res-
olution of 24-bit. The twelve stations in the network (Fig. 2), were lo-
cated between 810 and 7700 m from the active Caliente vent, and
were deployed to achieve the best possible azimuthal coverage. Seven
iTem prs100 infrasound sensors were also deployed, co-located with
all broadband seismometers, as well as with the short-period seismom-
eter at station LS01. Over the four years between 2014 and 2018 we
conducted ten field campaigns in November 2014, April 2015, Decem-
ber 2015, January 2016, June 2016, February 2017, May 2017, January
2018, June 2018 and January 2019. Due to variable access to specific lo-
cations, and equipment malfunctioning, the stations in the network did
not always operate simultaneously; however, with the exception of four
data gaps, the network provided a quasi-continuous record of the activ-
ity over the four-year period (Fig. 2B).
2.2. Visual observations
Throughout the network deployment visual observations were rou-
tinely conducted by INSIVUMEH staff based at the local Santiaguito Vol-
cano Observatory (OVSAN). These are documented in the Smithsonian
Institution Global Volcanism Programme's weekly reports and monthly
bulletins (published at: http://volcano.si.edu/volcano.cfm?vn=342030
last accessed 23/12/2019). Visual observations are frequently hindered
by cloud coverage, and at night-time the local observatory is not
manned. Furthermore, it is sometimes difficult to visually distinguish
between passive degassing and small explosions. The observations
made by INSIVUMEH were complemented by regular visits of the vol-
cano of the Liverpool and KIT teams during the past 5 years. Despite
the irregular nature of visual observations, they provide important in-
formation to link geophysical data to the ongoing volcanic activity. Vi-
sual observations were made throughout the recording period,
making note of explosion frequency, plumeheights, plume descriptions,
lava dome appearance, and the presence of active lava flows.
2.3. Explosion catalogue
We designed and applied a detection and classification algorithm to













Fig. 2.A) Stationmap of the Santiaguito Volcano network of seismic and infrasound stations dep
the active Caliente Vent, while Santa Maria is markedwith an inverted triangle. Thick and thin
Map of Guatemalawith the location of Santiaguito (SG, red triangle). B)Network activity throug
red bars indicate times where there were no stations active, causing data blackouts.data streams recorded across the network at Santiaguito between
2014 and 2018. The automatic algorithm consists of three main steps:
1) Pre-processing: Rapid signal detection at individual stations
across the network based on signal to noise ratio (SNR) thresholding.
To detect event waveforms in the continuous data streams, waveforms
which had a SNR above 1.1were extracted for the later processing steps.
We fixed the noise level at a manually selected time void of signals. Al-
though slower than a traditional STA/LTA, this ensured waveforms in
periods of high noise, induced by non-explosive signals such as
human activity, were also detected. To assist the detection of only ex-
plosions, the raw data streams were initially filtered between 0.1 and
10 Hz to remove noise in different frequency bands than explosions.
2) Processing: Producing a list of candidate explosion signals based
on pre-selected waveform attributes. The detected waveforms were
first compared to a preset group of frequency attributes. These attri-
butes included the central and dominant frequencies, as well as the
bandwidth at 50% of the dominant frequencies amplitude in the fre-
quency spectrum. The envelope of waveformswhichmet the frequency
criteria were then cross-correlated with an envelope of a template
waveform, which consisted of a stack of manually detected waveforms.
A cross-correlation coefficient threshold of 0.6 was set, with all wave-
forms correlating above the threshold labelled as candidate waveforms.
3) Post-processing: Using network association to determine if a can-
didate waveform can be catalogued as a true explosion. An explosion,
originating within the network, should radiate seismic energy in all di-
rections and be detected across the network by multiple stations. Noise
however, could either be local to one station, or sweep across the net-
work from one side to the other. The only noise which would be ex-
pected to behave in the same way as explosions is other volcanically
generated events such as rockfalls, VT events or tremor. These events
contain different frequency information, and therefore were removed
during the processing steps. Candidate waveform detection times
were compared across the network to determine if it was sufficiently
detected to be classified as an explosion. Due to the changing station
configuration, the criteria for sufficient network association to classify
an event as an explosion changed accordingly. As the more reliable in-
strument, when multiple broadband stations were active, an explosion
had to be detected at a minimum of 2 broadband stations. If only one
broadband stationwas available, a detection had to bemade by this sta-
tion. In cases where no broadband station was active, an explosion had





























loyed between 2014 and 2018with station names given. Red trianglemarks the location of
contour lines mark 500 and 100m intervals in elevation from sea level, respectively. Inset:
h time. The number of active stations in the network is displayedwith the blue line, and the
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cepted all detections. However, to account for the change in criteria
for a detection to be classified as an explosion, a ‘trust’ value was auto-
matically assigned to catalogued events based on the number and type
of stations which detected the event. If only one short period seismom-
eter detected an event, a trust of 1 was assigned; if only one broadband
or multiple short period seismometers detected an explosion, a trust
value of 2 was assigned; a trust of 3 was assigned when one broadband
seismometer and one or more short period seismometers detected an
event; and a trust value of 4was assignedwhen two ormore broadband
seismometers detected an explosion, with any number of short period
seismometers.
Following this post-processing step, an initial catalogue was pro-
duced, which was further refined through manual checks of events
with a trust value of 1 and event clustering using cross-correlations.
Events which did not cluster with other explosions, were manually
checked.
The resulting catalogue contained 18,895 explosion signals,
expanding the previous record (Lamb et al., 2019) by a factor of ap-
proximately 3. The new catalogue includes a further 18months of re-
cording and separates explosions with smaller repose intervals,
which were considered as one event in Lamb et al. (2019). For the
range between November 2014 and May 2017, the two catalogues
exhibit the same trends. Quality control on four weeks of our new
catalogue of explosions was performed from January 2015, Septem-
ber 2015, February 2017 and September 2018 against the raw data
streams and found the catalogue contained 90.5% of manually de-
tectable events (610 out of 674), with fewer than 0.5% false detec-
tions in these periods. The four weeks contained high levels of
noise, and with further checks on individual days throughout the re-
cording period which maintained a comparable quality level, we be-
lieve the data checked in these weeks are representative of the most
challenging conditions in the dataset. We checked for the influence
of network configuration during a period of high-density station cov-
erage in January 2015. We found that with a reduction of 50% of the
available stations, and with the same criteria set for explosion detec-
tions, a drop of 15% in the detection rate is observed. Despite this
drop we find that the trends in the data, and the results from the cal-
culations made with this reduced data set vary minimally.
We calculated the size of all explosions in terms of their seismic ra-
diated energy (SRE) and their associated energy magnitudes (Me). The
SRE and Me will be used to investigate the variability of the source dy-
namics for the different eruptive phases in the recording period, deter-
mine diagnostic features for these phases, and constrain relationships
for the inter-explosion repose times.
2.4. Explosion energy calculation
The SRE was calculated for each event, defined as the elastic energy
generated from an isotropic source at the surface of a homogeneous half






U tð Þ2dt ð1Þ
where Es is the SRE, ρearth is the rock density, Cearth is thewave velocity, r
is the radial distance from source to receiver, U is the ground velocity at
the receiver, S is the site response and A is the attenuation. The integral
is taken over a two-minute window which contains the full explosion
waveform. Background noise included in the window is considered
negligible to the calculation. Energy calculations vary from station to
station due to unknown site effects, attenuation, and differences in the
low frequency content between the short-period and broadband sen-
sors. Therefore, relative station corrections were determined to obtain
a consistent energy calculation of SRE from the network, so that allstations would obtain the same results irrespective of these differences.
Station specific correction factors were calculated by determining the
amplitude ratios for each station with LB03, which was used as the ref-
erence station. This is similar to the method of Lamb et al. (2019), who
used LB01 as the reference station. LB03 was chosen as the new refer-
ence site to ensure consistency throughout the whole observation pe-
riod. With variability between events, mean amplitude ratios were
used as the relative station corrections for each station, taking into ac-
count re-deployments over the observation time span. Station correc-
tion factors used are shown in supplementary material, S1. To obtain
robust energy values, SRE calculations were made using catalogued
data from the station most active across the recording period to main-
tain consistency between calculations.
The energymagnitude (Me) for seismically observed volcanic explo-
sions, based on groundmotion velocity data, is a useful metric to assess
the size of explosions at Santiaguito. Choy and Boatwright (1995) de-
rived Me as:
Me ¼ 2=3ð Þ log10 Esð Þ−2:9 ð2Þ
where Es is the seismically radiated energy, calculated from Eq. (1)
(with constants later refined). We have calculated the energy magni-
tude for all events. As in all seismic catalogues, the smallest events
may suffer from incomplete detection rates due to low SNR. Themagni-
tude of completeness of a catalogue is defined as the minimummagni-
tude above which all events are reliably recorded. Using cumulative
magnitude distributions, we calculated the magnitude of completeness
for the catalogue to be 0.76 Me.
3. Evolution of explosive activity between 2014 and 2018
Eruptive activity, and in particular the nature and characteristics of
explosions, evolved significantly at Santiaguito throughout themonitor-
ing period; analysis of the new catalogue allows for tracking of the evo-
lution of explosive activity during 2014–2018.
3.1. Explosion rates
The new catalogue provides a robust quantitative description of the
rate at which explosions occurred during the four-year period. The cat-
alogue shows highly variable activity, with explosions occurring over
500 times per week in January 2015, and b5 times a week in May
2016. Between these two dates, the rate of explosions decreased almost
linearly. This decrease coincided with a shift from frequent small-to-
moderate explosions to erratic and violent, ash-rich events (Global
Volcanism Program, 2016a). Following return to a dominantly effusive
regime in October 2016, our data indicate a rapid increase in the num-
ber of weekly explosions. By 2018 the rate of explosions became more
consistent from week to week, with a steady level of detections re-
corded in the catalogue.
3.2. Secondary explosions
Over extended periods of time (~days to weeks), the explosions
at Santiaguito often display an expected repose interval, statistically
constrained at ca. 30–300 min; however, certain explosions are rap-
idly followed by a second, separate pulse of momentum-driven gas-
and-ash with identical acoustic signals within 10 min from the lead-
ing event (Fig. 3). We term these pairs as ‘primary’ and ‘secondary’
explosions. Secondary explosions commonly release less energy
than the associated primary event, with 85% radiating b25% of the
energy relative to the primary explosion (Fig. 3B). These paired ex-
plosions were commonly observed during ‘normal’ eruptive activity.
Between 2014 and 2018, 4520 secondary explosions were found in
the catalogue, making up 24% of all events. However, during the
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Fig. 3. A) Seismic record of explosion events. Top: Isolated Explosive event consisting of only one explosion. Bottom: Explosive event with a primary and secondary explosion. Both
explosions are recorded at LB01 on 28th December 2014. B) Histogram of relative seismic energy release by a secondary explosion compared to its associated primary explosion. 85%
of secondaries release less than a quarter of the energy compared to its associated primary explosion. C) and D) Example pairs of primary and secondary infrasound waveforms,
filtered between 0.2 and 2 Hz. Primary explosions are shown in red, while secondary explosions are shown below in blue. The primary and secondary explosions have a significantly
higher correlation than the correlation between two independent explosions.
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were found to have repose times b10 min. We also observe no
























Fig. 4. Cumulativeweekly seismic radiated energy and explosion rate trends indicating eruption
text. Blue=phase 1, Yellow=phase 2, Purple=phase 3, Green=phase 4. The boundaries betw
visual observations made on the eruptive behaviour. As transitions are not instantaneous, grey
line. Network activity is shown by the orange and black bar, where black indicates data blackoexplosions and isolated explosions that are not followed by a sec-
ondary explosion, as they display a high degree of similarity













phases. Coloured boxes represent phases of the volcanic energy release as described in the
eenphaseswere determined through the combination of the SRE trends observedand the
dashed bars separate the phases. The number of detections per week is shown by the red
uts and orange indicates that the network has at least one active station.
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4.1. Energy trends
We used the weekly cumulative SRE to characterise different
eruptive phases at Santiaguito (Fig. 4), calculated by summing
the network SRE over consecutive 7-day periods. Although there
may be bias introduced into the absolute values of SRE by the as-
sumptions made in the site and path effects, our procedure ensures
that relative changes are trustworthy. Changes in SRE, assisted by
visual observations made during 2014–2018 indicate four distinct
phases of eruptive behaviour. Phase 1 (November 2014–
September 2015) is characterised by a high number of small-to-
moderate explosions during a dominantly effusive eruption re-
gime, with an increase in the cumulative weekly explosion energy
observed. Towards the end of phase 1 explosions became less fre-
quent but larger. During phase 2 (September 2015–October
2016), explosions are much less frequent and contain higher mag-
nitude events which account for much of the weekly energy re-
lease. Phase 3 (October 2016–March 2017), which initiated when
effusion of lava resumed at Caliente to fill the summit crater, is ac-
companied by an increase in SRE, caused by an high rates of occur-
rence of small-to-moderate explosions. Phase 4 (April 2017–
December 2018) is characterised by continued effusion after a
lava dome had become established within the crater. SRE remained
low and slowly decreased due to a low but consistent number of
small-to-moderate explosions. Although phase 4 contains a large
gap in seismic data, visual observations do not indicate any addi-
tional change in behaviour during this time period.
4.2. Magnitude-frequency
Magnitude-frequency analysis is traditionally used to assess the
ratio of small to large events within self-similar systems. Although
most commonly used to analyse earthquakes, the GR relationship
(Gutenberg and Richter, 1944) and Ishimoto–Iida's formula (Ishimoto
and Iida, 1939),which linkmagnitude of earthquakes to their frequency
of occurrence, have also been applied to explosive volcanic events (e.g.
Deligne et al., 2010; Nishimura et al., 2016; Sheldrake and Caricchi,
2017; Rougier et al., 2018). Over the four-year recording period at
Santiaguito, the energy magnitude of explosions varied over several or-
ders ofmagnitude.Wefind a power-lawdependency in our datasets be-
tween themagnitude of explosions and their rate of occurrence (Fig. 5),
similar to the GR. In the logarithmic-logarithmic space (Fig. 5) the linear
fit to a power law relationship follows:
log10 fð Þ ¼ a−b Með Þ ð3Þ
where f is the frequency of explosion occurrence,Me is the energy of an
event, b is a parameter akin to the traditional b-value in the GR and a is a
constant describing event productivity; the linear fit is performed only
in the region above the magnitude of completeness of the catalogue.
Over the entire four-year observation period the b-value is found to
be 1.55 ± 0.06 (Fig. 5A). We investigated the variability of the
magnitude-frequency relationship over the four phases of activity. We
find that the b-value decreased from 1.84 ± 0.11 in phase 1 to 0.94 ±
0.06 in phase 2 (Fig. 5), reflecting the transition from small-to-
moderate explosions in the effusive regime to large explosions in the
explosive regime. In phase 3 the b-value increased to 2.28 ± 0.69 and
remained high in phase 4 with a b-value of 2.40 ± 0.58 as the eruption
regime produced fewer events during stable effusive behaviour. For all
calculations only events over the magnitude of completeness are in-
cluded, which we constrain as 0.73, 0.76, 0.90 and 0.77 Me for phases
1 to 4, respectively.4.3. Repose times
Inter-explosion repose times indicate the occurrence and regularity
of the explosions, and are commonly used to determine the statistical
models which describe the probabilistic estimates which form the
basis for eruption forecasting models (e.g. Connor et al., 2003; Watt
et al., 2007; Lamb et al., 2014; Varley et al., 2018). We find that for the
whole catalogue and for all phases of activity at Santiaguito repose
times follow exponential distributions (Fig. 6). The linear slope of the
repose time against the logarithm of occurrence for each repose time
represents the rate parameter for the phase, that is the inverse of the
mean repose time. The best fit to the repose times was made using an
automatic piecewise regression function which tested the fit of two re-
gression slopes at different breakpoints with a single regression line to
find the best fitting slopes. The function compared the best fit with
two regression lines with the best fitting single regression, if the regres-
sion of two slopes provided a significant improvement over a single
slope, they were selected. We observe different rate parameters in
each eruptive phase at Santiaguito, with phase 1 displaying two differ-
ent rate parameters, indicated by a break in slope at a repose time of
0.17 days (i.e. 4 h). A break in slope is also observed over the whole cat-
alogue, showing two dominant rate parameters over the four-year re-
cording period (Fig. 6A). The rate parameters vary between 1.80 and
11.58, which occur in phases 4 and 1, respectively. The colorbar in
Fig. 6a shows that the repose times in phases 1 and 3 have a timedepen-
dency, and do not exhibit a randomness of repose intervals, as observed
in phases 2 and 4. The repose times in the overall catalogue also shows a
time dependency.
5. Discussion
5.1. Eruption phases and styles
Our observations agree with Harris et al. (2003) that the behaviour
of Santiaguito is commonly characterised by effusion of blocky lava
flows from Caliente lava dome, punctuated by small-to-moderate
sized explosions reaching up to 1.5 km above the vent (Global
Volcanism Program, 2016b), as seen in phases 1, 3 and 4. Previous stud-
ies at Santiaguito have stated that the explosions are regular in their oc-
currence with a repeatable source, generating explosions between 0.5
and 2 times per hour (e.g. Harris et al., 2003; Bluth and Rose, 2004;
Sahetapy-Engel et al., 2004; Yamamoto et al., 2008). Over the four
years of this study we see that the repose times are not so consistent,
with event rates which varied between 500 times a week (3 times per
hour) in January 2015 to b5 times a week (0.03 times per hour) in
May 2016.
The combination of visual and seismic observations at Santiaguito
revealed four eruptive phases; this builds on previous studies by Lamb
et al. (2019) and Wallace et al. (2020), as we present for the first time
a description of phase 4.
Eruptive phase 1 is characterised by the effusive eruption regimeob-
served between November 2014 and September 2015, with high occur-
rence rates of small-to-moderate explosions. We attribute the
progressive increase in energy observed in this phase, along with the
decrease in explosion occurrence to the system preparing to transition
into the explosive phase 2.
Phase 2 began in September 2015with the emergence of largermag-
nitude explosions, which resulted in increased hazard to the surround-
ing population. These explosions were characterised by plumes which
rose to heights of up to 7 km above the vent, and collapsed to generate
pyroclastic density currents, while also ejecting pyroclasts of size up to
3 m diameter to distances of 3 km from the vent (Global Volcanism
Program, 2016a). The large explosions excavated a deep crater in the
Caliente lava dome. Wallace et al. (2020) split phase 2 into two phases,
before and after March 2016, based on the componentry of collected
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Fig. 5.Magnitude-frequency plots of the explosions occurring at Santiaguito. A) Full catalogue, B) Phase 1, C) Phase 2, D) Phase 3, E) Phase 4. A linear trend in log-log space shows that the
explosions follow a power-law relationship. For all times, the b-value (gradient) and its standard error is displayed, fit through all points above the magnitude of completeness, which is
indicated in each panel.
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purposes of this study, based on the lack of distinction in geophysical
signals, these brief phases are simply combined in our analysis of explo-
sion energy vs repose time (Figs. 4 and 6C).
Phase 3 saw the occurrence of effusive activity, interspersedwith up
to 200 small-to-moderate explosions per week, beginning in October
2016. SRE is observed to gradually increase during phase 3, which we
associate with lava extrusion and dome growth throughout this phase
(Fig. 4).
Phase 4 began after the lava dome had filled the excavated vent of
Caliente in April 2017, and is characterised by attainment of a stable ef-
fusive regime. Throughout phase 4 the number andmagnitude of explo-
sions remained consistent at approximately 50 explosions per week
with magnitudes up to 1.5 Me, which is reflected in the SRE trends.
We note however, that statistically phase 3 and phase 4 are almost iden-
tical, as observed by their comparable b-values. We separate thesephases through the observations of dome growth and upward trending
weekly energy in phase 3, and continued effusion with an established
dome and slowly decreasingweekly energy produced by amore consis-
tent eruption rate in phase 4.
Phases 1–3 largely align with the phases outlined by Lamb et al.
(2019), describing the same activity styles in each of the three phases.
The differences between the phases here and those described by Lamb
et al. (2019) are the boundaries between each phase. These differences
are likely due to the methodology used to select the boundary times. In
Lamb et al. (2019) the phase boundaries were chosen based on visual
observations of the activity alone, whereas here, we use the SRE trends
as a primary indicator, with visual observations used to corroborate the
boundary choices.
From the observed trends in explosion rates and SRE, as well as the
temporal distribution of repose times, we see that transitions between
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Fig. 6. Exponential distributions of inter-explosion repose times. A) Full catalogue, B) Phase 1, C) Phase 2, D) Phase 3, E) Phase 4. The colour scale displays the average date-time of the
events contributing to each point. For phase 1 and the whole catalogue, more than one rate parameter is observed, indicating multiple controlling processes. Only events above the
magnitude of completeness are included in the analysis of each phase.
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well as a more abrupt transition between phases 2 and 3. The visual ob-
servationsmade throughout the four years again helped constrain these
transitions and their timescales.
The duration of the explosions, automatically calculated as the time
between 2.5% and 90% of the cumulative seismic energy of the associ-
ated waveform, increased during the explosive behaviour in phase 2
to have a mean length of 25.8 s, compared to a mean of 18.9 s during
the dominantly effusive regime of phases 1, 3 and 4. The duration of
the explosions measured from the seismic waveforms matches closely
with the visual observations of 30–60 s made by Bluth and Rose
(2004) of the momentum-driven phase of gas release at Caliente. We
speculate therefore, that it is likely that the seismic waveforms are a re-
cord of the vigorous gas venting phase while the fracture pathwaysremain open. The increased duration of the explosive events in phase
2 is possibly caused in-part by signal overprint from pyroclastic density
current activity, and by larger gas overpressure developed over longer
timescales in deeper parts of the magmatic column (cf. Wallace et al.,
2020). Larger overpressures would enhance fragmentation efficiency
(e.g. Kueppers et al., 2006), and deepen fragmentation, lengthening
the travel distance in the conduit for gas and ash to erupt.
At the time of writing this paper, the activity at Santiaguito appears
to be entering a newphase, with explosions becoming visibly larger, ris-
ing up to 1.3 km above the vent, occurring at increased rates of 35–40
explosions per day (Global Volcanism Program, 2019). This suggests
that a transition into a fifth eruptive phase may have occurred since
the endof ourmonitoringperiod inDecember 2018. Visual observations
report that the size of the dome is currently larger than before the May
10 W. Carter et al. / Journal of Volcanology and Geothermal Research 398 (2020) 1068912014 dome collapse episode. From these visual observations, it is
thought that the possibility of a dome collapse presents a significant
risk, and such an episode could be hazardous should one occur at
Santiaguito in the near future.
5.2. Source stability
We have noted through magnitude-frequency analysis that the
explosions at Santiaguito obey a power-law relationship similar to
the Gutenberg-Richter relationship used in earthquake seismology
(Fig. 5). The power-law relationship depends on the b-value, which
describes the magnitude of faulting events (i.e., ratio of small to
large magnitude seismicity; Aki, 1967). In this paper we use the en-
ergy magnitude Me to describe the magnitude of explosion. We
infer that the observed b-values reflect, in part, the state of the
magma in the conduit system, which has controls on fragmentation.
However, we argue that magma properties can vary both spatially
and temporally, which makes it difficult to relate changes in b-
values to specific properties and thermo-kinetic conditions within
the system (Roberts et al., 2015). Despite energy magnitudes span-
ning over 5 orders of magnitude, the power-law relationship indi-
cates self-similarity between explosions at a mechanistic level (cf.
Nishimura et al., 2016; Papale, 2018). Over the four-year period,
Santiaguito expressed a b-value of 1.55 ± 0.06. However, across
the four different eruptive phases we observed variations in the b-
value. The variations represent the evolution of spacing and size of
events between phases; in other words, each phase may be consid-
ered as a discrete “experiment” with the sum of events defining its
mechanistic character. The evolution from high b-value during
phases 1, 3 & 4 (with frequent small events) to low b-value during
phase 2 (with less frequent and larger events) suggests that the
properties of the explosion source mechanism varied through time.
Changes in source properties can involve differences in both the ap-
plied stress accumulation within the system as well as the scale and
architecture of rupture, in part dictated by material properties.
The rupture and “strength” of magmas is controlled by several fac-
tors, including the fraction of heterogeneities (i.e., crystallinity and po-
rosity), the viscosity of the silicate melt phase, and strain rate
(Lavallée et al., 2019). As magmas are viscoelastic bodies
(e.g., Dingwell and Webb, 1989), understanding magmatic fragmenta-
tion and resultant seismicity requires careful consideration of thermo-
kinetic conditions (e.g., Papale, 1999; Zhang, 1999; Lavallée et al.,
2012). The rupture of silicate melts results from an inability of the
melt structure to relax an applied stress, provoking structural break-
down. The rate of structural relaxation of silicate melts is proportional
to their viscosity, regulated by its chemistry and temperature
(Dingwell and Webb, 1989); i.e. at low temperature, a melt's viscosity
is higher and requires lower strain rate to rupture. So, understanding
the rupture of silicate melts, or magmas (additionally hosting pores
and crystals), requires knowledge of both viscosity and strain rates
(e.g., Lavallée et al., 2008, 2013; Cordonnier et al., 2009; Kendrick
et al., 2013; Hornby et al., 2019). Material rupture results from the nu-
cleation of micro-cracks, which propagate and coalesce in the build-up
to system-size failure (Voight, 1989; Kilburn, 2003, 2012), and magma
rupture ensues accordingly (Lavallée et al., 2013). Heterogeneities,
commonly present in magmas, act as stress concentrators that focus
the nucleation of micro-fractures (Sammis and Ashby, 1986); thus
their presence lowers the strength of silicate melts (Vasseur et al.,
2013; Cordonnier et al., 2012) and facilitates failure via characteristic
acceleration in microseismic events that may be monitored to forecast
rupture with increasing accuracy (Vasseur et al., 2015, 2017).
Zobin et al. (2014) speculated that a change in b-value associated
with volcanic activity at different volcanoes may result from differ-
ences in magma crystallinity, which affected the viscosity of magmas
and the stress required to failure. Whilst an increase in crystallinity
may provoke changes in b-values of magma rupture, such ageneralisation may be tenuous as the physico-chemical properties
and stress conditions of magmas can vary widely between volcanic
systems. As porosity generally has a greater impact on material
strength than crystallinity (e.g., Coats et al., 2018), we anticipate
that it would likely provide stronger controls on the development
of material rupture and resultant seismic b-value, if other consider-
ations (i.e., the viscosity of the melt phase and strain rate experi-
enced) remained the same; this is supported by laboratory
observations that single-phase melts rupture rapidly through local-
ised fractures with large stress drops, whereas porous melts break
slowly via multiple distributed small fractures with small associated
stress drops (e.g., Vasseur et al., 2013). Likewise, a complementary
study showed that the b-value resulting from magma rupture
(under equivalent strain rates) generally increases with porosity
(Vasseur et al., 2015). The development of porosity (Mueller et al.,
2011) and pore pressure (e.g., Castro and Gardner, 2008) have previ-
ously been linked to changes in explosivity. Considering a single vol-
canic centre, as in our study, it is common to note a wide range of
porosity in eruptive products (e.g., Lavallée et al., 2012; Mueller
et al., 2011), yet only moderate changes in crystallinity within a
given eruptive period (e.g., Bain et al., 2019), although magma vis-
cosity may evolve regardless due to interstitial melt sensitivity to
changes in temperature (e.g., Mastin, 2005; Blundy et al., 2006;
Lavallée et al., 2015) and dissolved volatile content (e.g., Hess and
Dingwell, 1996; Castro and Dingwell, 2009; Castro et al., 2005;
Edmonds and Herd, 2007), and changes in ascent rate. Discharge
rate and ascent rates can vary widely during volcanic eruptions; as
a result, and crucial for the present seismic analysis, this implies
that shear rates can vary by several orders of magnitude during ex-
plosions at lava dome eruptions (e.g., Quane and Russell, 2005). At
Santiaguito, magma fragmentation has previously been linked to
the rate of shear traction experienced in the magmatic column lead-
ing to explosions (Lavallée et al., 2015). Complementarily, laboratory
testing has shown that shear rate plays a key role in the development
of damage and associated b-value (Lavallée et al., 2013). In particu-
lar, laboratory experiments have shown that an increase in applied
strain rate results in an increased localisation of fracture propagation
during material rupture, which results in a decrease in b-value
(Lavallée et al., 2013).
Thus, one needs to exert caution in inferring reasons for fluctuations
in seismic b-values asmany factors compete and in-situmagma proper-
ties and local thermo-kinetic conditions vary both spatially and tempo-
rally. Wallace et al. (2020) showed that changes in crystal textures,
silica content and temperature (and thus viscosities) took place in the
eruptive period studied here at Santiaguito. Hornby et al. (2019) dem-
onstrated that magma porosity, temperature and applied strain rates
were key controls on the tensile strength of Santiaguito magma, thus
it is likely that some or all of these controlling factors have conspired
to generate the b-values we resolved during the 4-year eruptive period
studied at Santiaguito. Yet, it remains that small explosionswhich cause
little-to-no damage of the lava dome result from small pressure re-
leases, whilst large explosions on the other hand, release larger stresses
in the system and tend to have ruptures with increased length-scales
(Lavallee et al., 2013). If we return to our analogy that an eruptive
phase represents an experiment, involving a material deformed within
a bounding set of conditions (as identified by the seismic signatures
and event spacing that define each phase) then the shifts in b-value be-
tween different eruptive phases demonstrate that explosions evolved
from small, frequent events (high b-value) akin to the slow accumula-
tion of damage during material deformation, to periods of larger scale,
less frequent events which caused significant damage (low b-value),
akin towholesale failure duringmaterial deformation, driven by greater
pressure accumulation. Thus, we must also stress that for meaningful
interpretation, b-value must be considered over restricted and
constrained time-periods, rather than considered as a stable, system-
specific value.
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The data highlighted the occurrence of explosion duets. We define
secondary explosions as explosionswhich occurwithin 10min of an ini-
tial explosion, where the infrasoundwaveforms for both explosions are
near identical yet separated by a period at a background level of activity.
We observe that secondary explosions account for 24% of the explosion
catalogue,making up a significant proportion of the explosive activity at
Santiaguito. However, during the period of heightened explosivity in
phase 2, the secondary explosions made up only 8% of explosions, pre-
dominantly following the smaller magnitude events during this phase,
indicating that secondary explosions are a common feature of lava
dome effusion at Caliente, occurring when the explosion fractures are
more restricted. We also observe that over 85% of the secondary events
radiate b25% of the energy compared to the primary event (Fig. 3B).We
compared the infrasound signals of the primary and secondary explo-
sions to investigate the relationship between the two events and show
that the infrasound signals associated with primary and secondary ex-
plosions show a high degree of similarity (Fig. 3C and D). T-tests on
the time domain cross-correlations between all explosions infrasound
waveforms show that the similarity between primary explosions and
their secondary explosions is significantly higher than the cross-
correlation between any randomly chosen pair of explosions to a signif-
icance level of 0.1%. Example waveforms are shown in Fig. 4 C and D,
where the waveforms of the 2 primary events show different shapes,
yet the secondary events show high similarity to the primary events
they follow. These observations indicate that the secondary events are
somehow linked to the primary event, with a time dependence which
cuts off at approximately 10min.We speculate that the high correlation
between primary and secondary explosions requires magmatic frag-
mentation under the same conditions; i.e. magma would likely frag-
ment at the same depth, and the gas-and-ash products would be
released via the same vent (geometry and size). We advance that this
may be the case if the gas-and-ash are erupted from the same fracture
pathways, as occasionally observed. Therefore, the repose interval
may reflect the state of the fractures present in the lava dome. Due to
the limitations in our observations however, we cannot validate these
assertions.
5.4. Assessing future eruptive potential
The frequency of the inter-explosion repose times follows exponen-
tial distributions (Fig. 6), where the fit to the exponential distributions
represents the rate parameter, which is the inverse of the mean return
time. The rate parameters described by the exponential distributions
are observed to change between eruptive phases as a result of the
changes in source conditions and mechanisms between phases. Across
thewhole catalogue, two robust rate parameters are observedwhich re-
late to the mechanisms producing frequent lowmagnitude events dur-
ing the effusive eruption regime, and infrequent large events in the
explosive regime in phase 2 (Fig. 6A). The occurrence rate of different
repose times is shown to correlate with time (colorbar - Fig. 6), which
is a consequence of the explosion mechanisms and source conditions
transitioning through time. During phases 1 and 3, there is also a transi-
tion from low to high repose duration through time, suggesting that the
source behaviour is gradually transitioning (Fig. 6B,D). In contrast,
phases 2 and 4 displays no correlation between repose duration and
time, indicating that the source is more stable (Fig. 6C,E).
Above the cut-off magnitude (set at the magnitude of complete-
ness), the stochastic explosion process can be represented by a Poisson
distribution. Poissonian processes in explosion repose times are seen on
both a global scale (De la Cruz-Reyna, 1991; Papale, 2018) and at spe-
cific volcanoes (e.g. at Volcán de Colima, Mexico; De la Cruz-Reyna,
1993). Marzocchi and Papale (2019) used the Poisson relationship for
volcanic events of different sizes worldwide to determine the probabil-
ity of events across varying magnitudes occurring within different timeperiods. However, on local scales at different volcanoes, inter-explosion
repose times are commonly described by different statistical models
such asWeibull and log-logistic, as well as Poissonian, which show var-
iability in how explosions evolve within a system (Watt et al., 2007).
Watt et al. (2007) showed that over time the statistical model describ-
ing the inter-explosion repose times can also change as the system
evolves. On a global scale, only one exponential relationship is observed
(Papale, 2018), however, we show that different phases are
characterised by distinct frequency scaling of explosivity, which is likely
caused by different source parameters and perhaps triggering mecha-
nisms, which leads to the different rate parameters observed. Due to
the nature of Poissonian processes, when an explosion has occurred, it
is impossible to predict when the next event will occur, although prob-
abilistic estimates can be given for the expected return time. Yet, prob-
abilistic estimates of the expected return time are phase dependent (as
each phase displayeddifferent activity) and therefore change frequently
on the timescale of several months. Other proxies may thus be neces-
sary to enable the development of tools to ensure long-term assess-
ments of eruptive behaviour at Santiaguito.
The maximum explosion magnitude expected within an eruptive
phase can be estimated by extrapolating the linear fit of the
magnitude-frequency distribution to a value of 1 event occurrence
within the phase. For the entire catalogue, we obtain an estimate for
the largest explosion to have an energy magnitude of 3.49, where the
largest event recorded had an energy magnitude of 3.46. As with the
overall catalogue, the estimates for each of the individual phases are
overestimates. We calculated the largest events as 3.00, 3.92, 2.48, and
2.32Me for phases 1 to 4, respectively, while the largest events observed
had energymagnitudes of 2.82, 3.46, 2.11, 2.12 for phases 1 to 4, respec-
tively. The level of caution in these estimates can easily be adapted; de-
creasing the event occurrence rate at which the estimation is taken
increases the likelihood that the estimate of the largest possible event
magnitude will be an overestimate. A caveat to this method is that the
estimation assumes that the volcano will remain in the same eruptive
regime, whereas the system has been shown to evolve rapidly, as ob-
served between the dominantly explosive and effusive regimes in
phase 2 and phase 3, respectively. Furthermore, the estimates made
here are performed in hindsight; in real time, it may not be possible to
determinewhich phase of activity is being exhibited, and for this reason
we do not give errors in these calculations. Finally, changes in a
volcano's eruptive behaviour affect the upper estimates of explosion
magnitude, thus caution must be exerted when using it as a predictive
tool.
6. Conclusions
Long-term seismic and acoustic monitoring at Santiaguito has re-
vealed details on the changing nature of the explosivity at the active
Caliente vent and revealed relationships between explosion energy
and recurrences. Explosions occur at different intervals, ranging from a
fewminutes up to ~6 days. On the shorter end of the scale, many explo-
sions are followed within 10 min by secondary explosions (accounting
for 24% of the total recorded explosions) with near identical acoustic
signals to their primary explosion, and lower energy release. On the lon-
ger end of the scale, repose times between explosions however lead to
contrasting signals and behaviour. Trends in the seismically radiated en-
ergy have provided an effective indicator of eruptive phase changes at
Santiaguito, enabling the discrimination between one phase and the
next. Magnitude-frequency analysis has shown that the b-value
changes between eruptive phases. While the source mechanism of the
explosions show a level of self-similarity, the changes in b-value suggest
that the propertieswhich controlmagma fracturing vary, thus local con-
ditions cannot easily be reconciled. Yet, we infer that phases
characterised by small, frequent events, resulting from small stress
drops, have high b-values and more restricted damage, whilst phases
characterised by large events, representing larger stress drops, resulted
12 W. Carter et al. / Journal of Volcanology and Geothermal Research 398 (2020) 106891in lower b-values and more wholesale damage. Changes in the source
properties between phases also influences the characteristic magni-
tudes and repose times, restricting extrapolation of behaviour to within
a single phase and limiting the potential for long-term assessments of
future trends in eruptive activity at Santiaguito.
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